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Abstract 
Objective of this study is the prediction of total residual stress and fusion boundary in three pass welded stainless steel plates. In 
this work, immersion ultrasonic technique is used to measure residual stress through the thickness of the material. Two 316L 
stainless steel plates with the same material properties are examined. Three weld passes are applied to one of these plates and the 
other one is used as zero stress state reference plate. As it is well known, ultrasonic wave speed is constant for a material unless 
deformations such as residual stress occur. The main source of residual stress is the heat effect of welding. The relation between 
thermal stress and ultrasonic wave velocity variations are investigated by using ultrasonic wave velocity measurements which 
were done at approximately 1200 points for each plate. The differences in the ultrasonic wave velocity discriminations of two 
plates gave the final total residual stress distribution throughout the welded plate. Therefore the total residual stress which is the 
sum of longitudinal, transversal, and vertical stresses through the thickness of the plates were measured. Residual stresses are 
dense around weld zone due to the heat affected zone. Residual stress distribution around the weld zone also provides 
information about the fusion boundary. Comparison of these results with the previous studies on residual stress measurement 
showed that the ultrasonic immersion technique allowed more precious measurements than the measurements with coupling
materials. This method provides a practical and accurate approach for residual stress measurements showed that fusion boundary 
reaches up to 20 mm from weld zone center. 
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1. Introduction 
Welding is very effective fastening process and widely used in the industries such as aerospace, nuclear 
technology and construction. However, high amount of heat input and rapid cooling results the residual stresses, 
which effect fatigue life of materials. Welding is widely used in the industries such as aerospace, nuclear 
technology, and construction. During the operation of welded parts, residual stresses can cause harmful damages. 
Therefore, measuring residual stresses in material structures have a great importance for this purpose.
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Over the last few decades, various residual stress measurement techniques have been developed. In general, these 
techniques are qualified as destructive and non-destructive techniques. Destructive methods measure by destroying 
the state of equilibrium of the residual stress and measure only the consequences of stress relaxation occurred by 
destruction. Most common destructive techniques are the hole drilling method, the ring core technique, the bending 
deflection method, and the sectioning method. These methods are widely used in industry and they are sensitive to 
the macroscopic residual stress. Non-destructive methods are developed on the basis of the relationship between 
residual stress and the physical or crystallographic parameters. Different non-destructive techniques are developed 
such as the X-ray diffraction method, the neutron method, the ultrasonic method, and the magnetic method. 
Furthermore, related to the development of computer technologies, numerical modeling methods such as finite 
element method have an important role on prediction of residual stress [1]. 
Inspection of bulk (thickness averaged) stresses is another issue for residual stress measurement. X-Ray 
diffraction method is used for measurement of surface and subsurface stresses [2]. It can be defined as a surface 
method. On the other hand, neutron diffraction method allows measurement depth of 50 mm [3]. G. Bruno, and B. 
D. Dunn, measured bulk residual stress averaged over the thickness in Ti6Al4V welded aerospace tanks by using 
neutron diffraction technique in their study [4]. Hole drilling method is able to measure biaxial and uniform stresses 
on the surface of the hole which allows measurement up to 15 mm depth [5]. 
Ultrasonic waves and acoustoelasticity allows measurement of surface and subsurface residual stresses. Surface 
and subsurface stresses can be determined by using shear waves. Many attempts have been proposed for this 
purpose. Studies on acoustoelastic effect of Rayleigh waves at uniformly stressed material were performed by Hayes 
and Rivlin [6]. M. Hirao, and his colleagues are also used acoustic transducers to apply Rayleigh waves to measure 
stressed medium [7]. Recent studies are mostly focused on critically refracted longitudinal (LCR) wave method [8-
11]. This technique allows measurement of in plane stresses. Lingxuan Li and his colleagues applied LCR wave to 
determine time travel variations in the compressive stress field. Another study by D. E. Bray, and W. Tang, is 
focused on subsurface stresses evaluation using the LCR ultrasonic wave. 
As well as surface stresses, bulk stresses can be determined by using ultrasonic longitudinal waves. Longitudinal 
waves polarize in the same direction that it propagates. Anisotropy in the material caused by stress affect the 
propagation velocity of longitudinal waves. Stresses normal to the wave propagation direction can be measured 
using the longitudinal waves. Several studies attempted on this purpose to measure stresses on deformed or 
compressed mediums. However, these studies did not deal with residual stress measurement through the thickness of 
the material. Ultrasonic longitudinal waves are propagated through the thickness of the material and wave transit 
time is measured. Pulse echo technique and through transition techniques are able to measure wave transit time. 
Both of these methods require precious thickness measurement. As a result of these measurements, average residual 
stress through the thickness of the material can be measured. 
Recent studies are mostly focused on LCR method. Effect of microstructure on LCR waves is observed in French 
Technical Center for Mechanical Industry (CETIM) [12]. H. Walaszek, and his colleagues [13] investigated effect of 
microstructure on ultrasonic measurements of residual stress in welded plates based on studies in CETIM. During 
the welding process, microstructure of the material changes and this causes the variations of wave velocities within 
the Heat Affected Zone (HAZ). In order to deal with this problem, acoustoelastic constant for melted zone, heat 
affected zone, and parent metal are determined separately. Acoustoelastic constant was determined by applying 
tensile load on the welded material. Change in the velocity was recorded as a result of increasing tensile load. On the 
other hand, source of welding residual stress is welding heat. In this study effect of thermal stress is investigated to 
determine acoustoelastic constant. Thermal stress is formed and effect of thermal stress on ultrasonic wave velocity 
is observed in parent metal and heat affected zone. 
Recent studies for residual stress measurement were mostly performed by ultrasonic using surface test methods. 
However surface methods can be affected from surface roughness, defects, and dirt. Ultrasonic immersion technique 
allows precise wave velocity measurements independent from the surface failures. In addition, immersion technique 
allows measurement with small increments and measurement in the boundary between melted zone and heat 
affected zone. In this study measurements performed by using immersion technique. Longitudinal waves transmitted 
to the material from immersion probe. Difference in time between the echoes from the surface and back wall of the 
material is measured to determine ultrasonic wave speed at that point. Stresses in the material affect the wave travel 
through the thickness of the material. This allowed the measurement of bulk residual stress in the material. 
Measurements are performed throughout the plate and 2-dimensional map of residual stress distribution is obtained. 
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Residual stresses in heat affected zone measured as total tensile stresses. During the measurements, any tensile stress 
results more than 10 MPa is assumed and accepted as within the HAZ. 
2. Methodology 
Effect of stress on wave propagation is investigated by D. S. Hughes, and J. L. Kelly, in their study, “Second-
Order Elastic Deformation of Solids”, in 1953 [14]. They have determined the velocities of longitudinal and shear 
waves as a function of applied stress by subjecting the material to hydrostatic pressure which is defined as 
compression. D. Vangi, expressed the variation in the velocity of propagation of longitudinal ultrasonic waves in his 
study [15]. After Taylor’s series expansion and introducing acoustoelastics constants, the wave propagation velocity 
is expressed in terms of triaxial stresses. 
 
(V-V0)/V0 =A1 ı1+A2 (ı2+ı3)  (1) 
 
where ı1, ı2, and ı3 are stresses in three axis, A1 and A2 are the acoustoelastic constants for parallel and 
perpendicular stresses, and V and V0 are ultrasonic wave velocities. In most cases ı1, the stress perpendicular to the 
surface has a very low effect on longitudinal ultrasonic wave propagation. It can be neglected. Finally, relation 
between ultrasonic wave velocity and total of longitudinal and transversal residual stresses is determined as: 
 
(V-V0)/V0 = A2 (ı2+ı3)  (2) 
 
Thermal stresses are formed as a result of thermal processes, such as welding. These thermal processes cause 
non-uniform temperature changes in material. Associated with local heating, expansion and contraction occur 
around the heated zone of the material. However, expansion zone is surrounded by the material that has not been 
heated and this part prevents material to expand or contract freely and residual stresses are formed. The basic 
relation that expresses thermal stress is given in Equation 3. Finally, relation between ultrasonic wave velocity and 
total of longitudinal and transversal residual stresses is determined as: 
 
ı=E ĮL ǻT  (3)  
 
where ı is the thermal stress, E is the modulus of elasticity, ĮL is thermal expansion coefficient, and ǻT is 
temperature change. By observing the relation between thermal stresses and ultrasonic wave velocity, it is possible 
to determine thermal residual stresses in welded materials. 
The welding heat affects the microstructure of heat affected zone and melted zone. This effect causes the 
variation in ultrasonic wave propagation velocity. Effect of microstructure should be considered during the residual 
stress measurements. Acoustoelastic constant is determined as the relation between the total residual stresses normal 
to the wave propagation and ultrasonic wave velocity variation. This constant is calculated by observing wave 
velocity variations. Experiments are performed by heating the whole plate with constant temperature increments. 
For each temperature step thermal stress is calculated and ultrasonic wave velocity is measured.  
Acoustoelastic constant is determined by using linear equation for ultrasonic wave velocity variations. Slope of 
the plot of velocity variations vs. thermal stress defined the thermally determined acoustoelastic constant as shown 
in Figure 1. Thermally determined acoustoelastic constants for heat affected zone and parent metal are -5.446 × 10-5 
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Fig. 1. (a) HAZ stress to velocity change; (b) PM stress to velocity change  
Measurements are performed at 1057 points on both samples. Measurement points are closer around weld zone. 
Measurements performed on selected points five times and deviations are observed. Standard deviation of ultrasonic 
wave velocities ranged from 1.5 to 4.5 m/s. Measurement points with ultrasonic wave velocity variation more than 
4.5 m/s are assumed to be in heat affected zone. Residual stresses in parent metal (PM) and HAZ are calculated with 
their own thermally determined acoustoelastic constants according to their parameters. This estimation brought 
rough prediction of heat affected zone boundary. Modulus of elasticity and thermal expansion coefficient for 316L 
austenitic stainless steel are 193 GPa and 15.9 oC-1, respectively. 
Experiments are performed at Yeditepe University Non Destructive Testing laboratories. ANSI type 316L steel 
samples are provided from British Energy. Parent plate and welded plates are manufactured from same materials. 
Therefore, it is accepted that both of them have the same material characteristics. One plate is welded during 
manufacturing process and measurements are performed at the same points of both plates. Ultrasonic wave velocity 
results obtained from parent plate are used as no stress state velocity values for residual stress calculations.  
Ultrasonic immersion technique is used with precise thickness measurement system. Ultrasonic waves produce 
echoes from surface and back wall of the material. Computer integrated system measured time differences between 
these two echoes. If the thickness of the material is known, wave velocity in the material can be calculated. During 
this work thickness of the material is accepted to be constant. Water bath is mounted on a mechanism that provides 
movement on two axes. This computer integrated system allows measurement of wave velocity throughout the 
material surface. Experimental setup is shown in Figure 2.  
 
   
Fig. 2. (a) schematic diagram of the immersion system; (b) picture of the system 
3. Results and Conclusion 
Residual stresses in the whole plate are calculated according to the relation between stress and ultrasonic wave 
velocity. Ultrasonic wave is propagated normal to the stresses in x and z axes. Measured residual stress values are 
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bulk residual stresses which are the sum of the stresses in x and z directions. This is the first method to measure the 
bulk stress through the thickness of the plate which is sum of transversal and longitudinal stresses. So that results 
cannot be compared with another method. On the other hand, residual stress distribution is consistent with other 
studies [2-16]. Longitudinal and transversal residual stresses increase in the heat affected zone, as it is accepted. 
Residual stress distribution through the x axis is given in Figure 3a. Residual stresses are high in heat affected 
zone. This technique allows performing measurement at the boundary of the weld zone. However, it is not possible 
to measure wave velocity in the weld zone. Precise thickness data cannot be obtained in that zone. Figure 3b shows 
residual stress distribution along x axis that passes from the middle of weld zone. At this point welding residual 
stress reaches up to 100 MPa as sum of longitudinal and transversal stresses. 
 
   
Fig. 3. (a) residual stress distribution along x axis; (b) residual stress distribution along x axis on the weld center 
Residual stress distribution along the z axis of the material is given in Figure 4a. Residual stresses are maximum 
in the zones around the weld beam. Heat affected zone boundary is determined by using high residual stress values 
as it is seen in Figure 4b. This figure shows that the prediction of the HAZ around the weld beam. 
 
   
Fig. 4. (a) residual stress distribution along z axis; (b) predicted boundaries of HAZ 
By using ultrasonic immersion technique effect of microstructure on wave propagation is observed. Residual 
stress distribution in the plate is measured according to this effect. In other studies effect of microstructure is 
investigated by using tension stress. In this study instead of tension stress, thermal stress is used. Ratio between 
thermally determined acoustoelastic constants for PM and HAZ is about 0.90 which is consistent with previous 
studies. Residual stress distribution is also consistent with other previously discussed studies. However, as stated 
earlier, this is the only no other method which measures bulk residual stresses as the sum of longitudinal and 
transversal stresses. Therefore, results cannot be compared with any other methods. Another handicap of this 
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technique is that it requires precise thickness measurement. It is not possible to measure thickness mechanically in 
1057 measurement points. Thickness is accepted to be constant in both of welded and parent metal plates. In 
addition, thickness of the material varies in weld zone. This technique also does not allow wave velocity 
measurement and calculation of residual stress in weld zone. 
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